I. INTRODUCTION
Human hand movement contains various involuntary components, including physiological tremor [1] , jerk [2] , and drift [3] . These components have limited performance in microsurgery, and cause certain types of procedures to be generally infeasible, such as retinal vein cannulation and arteriovenous sheathotomy [4] . Recent years have seen research toward suppression of these components in order to suppress erroneous movement during microsurgery, including telerobotics [2] , the shared-control "steady-hand" approach [5] , and a handheld instrument with active error control [6] . Evaluation of such systems requires a suitable performance baseline for unassisted surgeons with which to compare the performance of such devices. There continues to be a general lack of such data, particularly in dynamic tasks, in which the target is a trajectory rather than a fixed point.
Several one-dimensional (1-D) studies of motion have been reported for microsurgeons [1, 7] and medical students [8] . Some studies have examined only physiological tremor [1, 8] , the roughly sinusoidal component of involuntary motion. Others have examined also the general motion of surgeons [3, 7] . Studies of the motion of microsurgeons in 3-D are rare in the literature. An exception is [3] . However, in [3] , surgeons attempted to hold a tool motionless without Funding provided by National Science Foundation (grant no. EEC-9731748) and National Institutes of Health (grant no. 1 R01 EB000526). a visually prominent target to allow easy monitoring of relative position, likely increasing the magnitude of drift. 
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II. METHODOLOGY
The experiment was conducted using the ASAP optical tracking system [9] to record the three-dimensional position of the tip of the handheld instrument. ASAP uses an infrared (IR) light-emitting diode (LED) array, modulated at 5 kHz, to illuminate the workspace. A white delrin ball 4.7 mm in diameter is attached to the tip of the microsurgical instrument. The 3-D position of the ball is found using two 2-D position-sensitive detectors that receive the IR illumination reflected by the ball. The system performs synchronous detection and filtering to enhance the accuracy of the recordings. Data are recorded at 1500 Hz and downsampled to 150 Hz.
The physical setup for the experiment simulated vitreoretinal microsurgery. A plaster face mask was placed around the illuminated workspace of ASAP. The inner surface or back side of the mask was covered with black light-absorbing paper to avoid reflection of IR by anything other than the marker ball. The mask, shown in Fig. **, was equipped with a rubber sclera (the white of the eye), with slots cut into it to simulate sclerotomies, small holes cut through the sclera through which vitreoretinal tools are inserted and which represent a fulcrum during surgical instrument motion.
The floor of the workspace was a small platform of black plastic. Through this platform were drilled 12 holes, evenly spaced around the circumference of a circle 5 mm in diameter, as shown in Fig. 2 . Each hole was fitted with an optical fiber connected to a blue LED which could be turned off and on under the control of a computer. These LEDs identified the targets for the experiment.
The marker ball was painted white, and a red arc was marked with a pen, from the tip to the opposite side of the ball, where it meets the shaft of the instrument. As subjects held the instrument, they were instructed to use the point where the red line meets the horizon of the ball as the "pointer" for the experiment. ASAP tracks the centroid of the marker ball. To avoid artifacts due to the relatively large diameter of the ball, subjects were told to select a comfortable orientation of the red marker line with respect to a global fixed frame of reference, and to attempt to keep the red line in that same orientation throughout each trial. In other words, they were told to avoid rotating the instrument about its long axis. The optical fibers were 0.2 mm in diameter. Subjects were told to consider the center of each light spot to be the target. In the vertical direction (referred to here as z), the subject was guided by the investigators to position the ball centrally in the workspace of ASAP, and was instructed to attempt to maintain that same elevation throughout the trial. Three types of tests were conducted:
• Stationary. A single LED was illuminated for 20 s, and subjects were instructed to point to it for the same duration. Each subject completed three tests.
• Tracking. The lights were turned on in succession so that the target moved around the circle at a constant rate, and the subject tracked the target. Subjects were instructed to interpolate between the discrete spots of light, moving in a smooth rather than a stepwise fashion, arriving at each light just as it turned on. Data were recorded for 2 min. Each subject completed six tracking tests, consisting of clockwise and counterclockwise trials at each of the following periods of target motion around the circle: "slow" (1 min to travel around the circle), "medium" (30 s), and "fast" (15 s).
• Tracing. No lights were used. Subjects were instructed to trace the circle as in the tracking tests, but choosing a speed that was comfortable to them and that they felt was realistic for surgical manipulation. These tests lasted 20 s. Each subject completed three tests. Each subject therefore completed a total of 12 tests. The order of the 12 tests was randomized.
Root mean square error (rmse) was computed for each test, as well as the maximum error for each trial.
Physiological tremor frequency is often said to be roughly 8-12 Hz. Power spectra of all test results were visually examined to determine an approximate tremor band for the data from these tests. Based on this examination, the 6-12 Hz band was chosen. The rms amplitude of tremor in the stationary tests was estimated by passing the data through a sixth-order Butterworth bandpass filter with corner frequencies at 6 and 12 Hz. Table I presents the rmse for the stationary tests. For the nine trials of this type (three subjects, three trials per subject), the table shows the mean and standard deviation, as well as the results for the trial with the lowest rmse and the trial with the highest rmse. The table presents results for x, y, and z. The last row of the table presents the rms magnitude of the total 3-D error vector. Table II presents the total range, or maximum absolute value, of error for the stationary tests, presenting once again the mean, standard deviation, maximum, and minimum of the nine stationary trials. Table III presents the rmse for the slow tracking tests, and Table IV presents the range or maximum error for these tests. Tables V and VI present the rmse and total range of error for the medium tracking tests. Tables VII and VIII present the corresponding results from the fast tracking tests. Clockwise and counterclockwise tests were analyzed together. Table IX presents the rmse for the tracing tests,  while Table X presents the range of error.  Table XI presents the rms amplitude of tremor in the stationary tests. 
III. RESULTS
IV. DISCUSSION
The tremor values reported in Table XI are comparable to those obtained during clinical microsurgery [10] . In the dynamic tasks (tracking and tracing), while some trials show relatively accurate results, as in Fig. 6 , several trials exhibit tracing or tracing curves that are too large, as in Figs. 5 and 8. This may be due to partial occlusion of the viewing field by the marker ball and the interaction of this effect with the stereo view provided by the operating microscope. Further investigation is needed to determine whether the effect is due to this or some other cause.
